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    Chapter 8   

 Transcriptional Pro fi ling of  Dictyostelium  
with RNA Sequencing       

     Edward   Roshan   Miranda*   ,    Gregor   Rot*   ,    Marko   Toplak   ,    Balaji   Santhanam   , 
   Tomaz   Curk   ,    Gad   Shaulsky      , and    Blaz   Zupan         

  Abstract 

 Transcriptional pro fi ling methods have been utilized in the analysis of various biological processes in 
 Dictyostelium . Recent advances in high-throughput sequencing have increased the resolution and the 
dynamic range of transcriptional pro fi ling. Here we describe the utility of RNA sequencing with the 
Illumina technology for production of transcriptional pro fi les. We also describe methods for data mapping 
and storage as well as common and specialized tools for data analysis, both online and of fl ine.  

  Key words    Dictyostelium  ,  RNA sequencing ,  Multiplexing ,  Web-based applications ,  Visual programming , 
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 In the past decade, a signi fi cant understanding of dictyostelid 
 transcriptomes has been achieved, thanks to techniques such as rapid 
ampli fi cation of cDNA ends (RACE), Sanger sequencing of cDNAs, 
and microarrays  (  1–  4  ) . The recent development of RNA sequencing 
(RNAseq) has lead to further appreciation of the complexity of dic-
tyostelid transcriptomes and to vast improvements in transcriptome 
quanti fi cation  (  5  ) . RNAseq is a high-throughput method that 
employs massive parallel sequencing of cDNA fragments generated 
from RNA  (  6  ) . The method generates millions of short sequencing 
reads that represent fragments of the transcriptome. These fragments 
are then mapped to the genome of interest or assembled de novo. 
The number of fragments that map to a speci fi c gene is directly 
proportional to the abundance of the respective RNA in the sample. 
The large number of sequencing reads enables the landscaping of 
transcriptomes at unprecedented depth and resolution. 

  1    Introduction

* Edward Roshan Miranda and Gregor Rot have contributed equally to this work.
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 RNAseq has been used to improve existing gene models, 
including predicting exon–intron boundaries and untranslated 
regions, to identify alternative splicing of transcripts, and to dis-
cover new genes  (  7,   8  ) . Determination of quantitative and qualita-
tive changes in RNA is possible at a wide dynamic range. RNAseq 
has supplanted microarrays as the technique of choice for under-
standing genome wide expression patterns. It yields a digital out-
put of RNA quantity, as opposed to the analog output of microarrays, 
and it is free of some microarray limitations, including variable 
hybridization kinetics and cross hybridization among different 
hybridization targets. Due to the high reproducibility of RNAseq, 
technical replications are no longer needed—only biological repli-
cations are required. 

 Next generation sequencing technologies have improved 
appreciably since their introduction, yielding improved read qual-
ity and quantity. Currently, each sequencing run yields more reads 
than needed for most applications, so multiplexing is employed as 
a means of cost reduction  (  9  ) . In this chapter we describe the tech-
niques of RNAseq, with and without multiplexing, using the 
Illumina platform. 

 mRNA accounts for about 2% of the total RNA in  Dictyostelium  
cells so it must be enriched before the analysis. Here we describe a 
method that begins with the isolation of polyA +  mRNA by hybrid-
ization to oligo dT beads. We describe the preparation of cDNA 
from the enriched mRNA and the preparation of either single-sam-
ple libraries or pools of samples with multiplexing. 

 Analysis of RNAseq data consists of deconvolution in the case 
of multiplexed data, mapping the reads to the genome, and pro-
cessing the data into values that represent transcript abundance. 
We describe the process of data analysis and storage as well as sev-
eral examples of downstream data analysis, such as differential gene 
expression.  

 

   The reagents must be RNAse free. Use disposable sterile plas-
ticware and clean the work areas and the pipettors with RNAseZap 
(Ambion) before each procedure. Always wear gloves, mask, and 
lab coat when handling RNA ( see   Note 1 ). 

 Water and aqueous solutions used for RNA work should be 
treated with diethylpyrocarbonate (DEPC) to inactivate RNAse. 
Add 0.1% DEPC to the solution, incubate overnight at room tem-
perature, and autoclave (15–25 min, liquid cycle). Do not DEPC-
treat solutions that contain Tris.

    1.    TRIzol  ®  (Life Technologies).  

    2  Materials

    2.1  Reagents

    2.1.1  RNA Puri fi cation 
and cDNA Synthesis
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    2.    10× MOPS buffer: 0.1 M MOPS, 5 mM EDTA, 25 mM 
sodium acetate; adjust to pH 7.0 with acetic acid and treat 
with DEPC.  

    3.    Dynabeads mRNA Puri fi cation Kit (Life Technologies) sup-
plied with oligo(dT) beads, binding buffer, washing buffer, 
and 10 mM Tris–HCl.  

    4.    10× Fragmentation buffer (Ambion).  
    5.    Stop buffer (Ambion).  
    6.    Glycogen (Ambion): 5  m g/ m L.  
    7.    3 M sodium acetate, pH 5.2, DEPC treated.  
    8.    100% and 70% ethanol.  
    9.    Random hexamer primers (Invitrogen): 3  m g/ m L.  
    10.    100 mM dNTP set (Life Technologies).  
    11.    10 mM dNTP mix. Mix 10  m L of each dNTP from the 100 mM 

dNTP set and 60  m L of water.  
    12.    RNaseOUT (Invitrogen): 40 U/ m L.  
    13.    SuperScript II (Invitrogen): 200 U/ m L, supplied with 5×  fi rst-

strand buffer and 100 mM DTT.  
    14.    10× second-strand buffer: 500 mM Tris–HCl, pH 7.8, 50 mM 

MgCl 2 , 10 mM DTT.  
    15.    RNaseH (Invitrogen): 2 U/ m L.  
    16.     E. coli  DNA polymerase I (Invitrogen): 10 U/ m L.  
    17.    Microcentrifuge test tubes (1.5-mL, 0.5-mL, 2-mL) and ster-

ile aerosol-resistant pipette tips (10- m L, 200- m L, 1-mL) ( see  
 Note 2 ).      

      1.    Genomic DNA Sample Prep Kit (Illumina). Components of 
this kit can be replenished using the reagents mentioned below. 
Adapter oligonucleotides and PCR primers can also be ordered 
separately. Their sequences are available from the 
manufacturer.  

    2.    100 mM ATP (Sigma Aldrich): in water.  
    3.    10 mM dNTP mix.  See  Subheading  2.1.1 ,  item 11 .  
    4.    T4 DNA polymerase (Invitrogen): 5 U/ m L.  
    5.    Klenow DNA polymerase (Invitrogen): 5 U/ m L, supplied with 

10× Klenow buffer.  
    6.    T4 polynucleotide kinase (Invitrogen): 10 U/ m L.  
    7.    1 mM dATP: dilute from the 100 mM dNTP set ( see  

Subheading  2.1.1 ,  item 10 ) in water.  
    8.    DNA ligase (Invitrogen): 5 U/ m L, supplied with 5× DNA 

ligase buffer.  

  2.1.2    Single-Sample 
Library Preparation
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    9.    25 mM dNTPs: mix equal volumes of all four dNTPs from the 
100 mM dNTP set ( see  Subheading  2.1.1 ,  item 10 ).  

    10.    Phusion DNA polymerase (New England BioLabs): 2 U/ m L, 
supplied with 5× Phusion HF buffer.  

    11.    QIAquick PCR spin kit (Qiagen) supplied with EB solution.  
    12.    QIAquick MinElute kit (Qiagen) supplied with EB solution.  
    13.    QIAquick gel extraction kit (Qiagen) supplied with EB 

solution.  
    14.    100 bp DNA ladder (Life Technologies).  
    15.    Agarose (Calbiochem).  
    16.    50× TAE buffer: 242 g of Tris base, 57.1 mL of glacial acetic 

acid, 100 mL of 0.5 M EDTA, pH 8.0 in 1 L of water.  
    17.    Ethidium bromide (Sigma), 10 mg/mL stock solution.  
    18.    Bioanalyzer DNA 1000 chip (Agilent).      

      1.    Agencourt AMPure XP 60 mL Kit (Beckman Coulter). This 
kit includes carboxyl-coated magnetic beads.  

    2.    100% and 70% Ethanol.  
    3.    Tween 20 (Fisher Scienti fi c).  
    4.    10× Buffer Tango (Thermo Scienti fi c).  
    5.    25 mM dNTPs (mix equal volumes of all four dNTPs from the 

100 mM dNTP set;  see  Subheading  2.1.1 ,  item 10 ).  
    6.    100 mM ATP (Sigma Aldrich) in water.  
    7.    T4 DNA ligase (Fermentas): 5 U/ m L, supplied with 10× T4 

DNA ligase buffer and 50% PEG-4000 solution.  
    8.    T4 DNA polymerase (Fermentas): 5 U/ m L.  
    9.    T4 polynucleotide kinase (Fermentas): 10 U/ m L.  
    10.     Bst  DNA polymerase, large fragment (New England BioLabs) 

supplied with 10× ThermoPol reaction buffer.  
    11.    Agarose (Calbiochem).  
    12.    50× TAE buffer:  See  Subheading  2.1.2 ,  item 16 .  
    13.    Ethidium bromide:  See  Subheading  2.1.2 ,  item 17 .  
    14.    Quantitative PCR kit with SYBRE green such as SYBR ®  Green 

PCR Master Mix (Life Technologies).  
    15.    Phusion Hot Start High-Fidelity DNA Polymerase (New 

England BioLabs) supplied with 5× Phusion HF buffer.  
    16.    25 bp DNA Ladder (Life Technologies).  
    17.    EB buffer, supplied with QIAquick PCR spin kit (Qiagen) or 

QIAquick gel extraction kit (Qiagen). This buffer can be pre-
pared as 10 mM Tris–HCl, pH 8.5.  

    2.1.3  Multiplexed Library 
Preparation
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    18.    EBT: EB with 0.05% (v/v) Tween 20.  
    19.    Oligonucleotide hybridization buffer: 500 mM NaCl, 10 mM 

Tris–HCl, pH 8.0, 1 mM EDTA in water.  
    20.    Wide ori fi ce pipette tips (VWR).  
    21.    Hard-shell thin-walled 96-well skirted PCR plates for 

Quantitative-PCR (Bio-Rad).  
    22.    Microseal “B”  fi lm PCR sealers (Bio-Rad).  
    23.    Kit and reagents for DNA sequencing (Illumina).  
    24.    Cluster generation kit (Illumina).  
    25.    Multiplexing sequencing primer kit (Illumina). Alternatively, 

the following primers may be used for sequencing:
   (a)    Read 1 sequencing primer: 5 ¢ -ACACTCTTTCCCTACA

CGACGCTCTTCCGATCT-3 ¢   
   (b)    Index read sequencing primer: 5 ¢ -GATCGGAAGA

GCACACGTCTGAACTCCAGTCAC-3 ¢   
    (c)    Read 2 sequencing primer: 5 ¢ -GTGACTGGAGTTC

AGACGTGTGCTCTTCCGATCT-3 ¢       
    26.    Oligonucleotides for library preparation:

   Adapter_A1: A*C*A*C*TCTTTCCCTACACGACGCTCTT
CCG*A*T*C*T  

  Adapter_A2: G*T*G*A*CTGGAGTTCAGACGTGTGCTC
TTCCG*A*T*C*T  

  Adapter_A3: A*G*A*T*CGGAA*G*A*G*C  
  Primer_P1: AATGATACGGCGACCACCGAGATCTACAC

TCTTTCCCTACACGACGCTCTT        

 The sequences correspond to the order from 5 ¢  to 3 ¢  from left 
to right; * indicates a phosphothioate bond. All of the oligonucle-
otides should be ordered as HPLC puri fi ed and dissolved in water. 
Ask the supplier to synthesize and purify each primer in a separate 
batch to avoid cross contamination. Adapters A1, A2, and A3 are 
dissolved at 500  m M, and Primer_P1 at 10  m M. Order the primers 
in a 96-well plate to facilitate multichannel pipetting. The sequences 
of the primers, the criteria used to design them, and additional 
information are available in ref.  (  10  ) .   

      1.    Two water incubators, one at 65°C and one at 80°C.  
    2.    Heating blocks at different temperatures.          
    3.    Agencourt SPRIPlate Super Magnet Plate (Beckman Coulter) 

for 96-well plates or DynaMag™-2 magnet (Life Technologies) 
for individual microcentrifuge tubes.  

    2.2  Equipment
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    4.    Rotisserie-style shaker/rotator with clamps for microcentri-
fuge test tubes (e.g., DiaMag Rotator, Diagenode).  

    5.    Nanodrop spectrophotometer (Thermo scienti fi c).  
    6.    Thermal cycler such as PTC 100 (MJ Research) capable of 

holding 0.2-mL PCR test tubes or 0.5-mL test tubes.  
    7.    Pipettors capable of dispensing 0.2  m L, 20  m L, 200  m L, and 

1 mL ( see   Note 1 ).  
    8.    Agarose gel electrophoresis equipment (e.g., Bio-Rad).  
    9.    UV transilluminator (e.g., Kodak).  
    10.    96-well plate centrifuge (e.g., Eppendorf 5810R).  
    11.    Microcentrifuge (e.g., Eppendorf 5415D).  
    12.    Illumina Cluster Station.  
    13.    Agilent 2100 Bioanalyzer (Agilent Technologies).  
    14.    Real-time PCR machine (e.g., DNA engine Opticon 2, MJ 

Research).      

      1.    PIPA (  http://pipa.biolab.si    ), a web-based tool for sequencing 
data management and bioinformatics analysis.  

    2.    dictyExpress (  http://dictyexpress.biolab.si    ), a web-based inter-
active gene expression analysis program.  

    3.    Orange (  http://pipa.biolab.si    ), a general purpose interactive 
data analysis environment.       

 

       1.     Dictyostelium  cells are grown and developed under standard 
conditions  (  11  )  or as required by the desired experimental 
design.  

    2.    Prepare total RNA using the TRIzol ®  reagent according to the 
manufacturer’s recommendations ( see   Note 3 ).  

    3.    Store the cell lysates in the TRIzol reagent at −80°C until all 
the samples are ready for the next step ( see   Note 4 ).  

    4.    Dissolve the total RNA in 1× MOPS buffer.  
    5.    Measure the RNA concentration using a spectrophotometer 

(1AU 260  = 40  m g/ m L).  
    6.    Adjust the concentration to 1  m g/ m L.  
    7.    Store the total RNA samples in aliquots at −80°C. Do not thaw 

and refreeze the samples more than three times.      

  mRNA isolation is performed using the Dynabeads mRNA 
Puri fi cation Kit from Life Technologies. Perform two rounds of 

    2.3  Analysis 
Software

    3  Methods

    3.1  RNA Puri fi cation 
and cDNA Synthesis

    3.1.1  Preparation 
of Total RNA

    3.1.2  mRNA Puri fi cation

http://www.pipa.biolab.si
http://www.dictyexpress.biolab.si
http://www.pipa.biolab.si
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mRNA puri fi cation to ensure that more than 90% of the sequencing 
reads are from mRNA. Use the same aliquot of beads twice with an 
intermediate cleaning step to eliminate traces of sample from the 
 fi rst round. We recommend using 5–50  m g of total RNA as the 
starting material ( see   Note 5 ).

    1.    Put 10  m g of total RNA in a 1.5-mL RNAse-free microcentri-
fuge tube. Adjust the volume to 25  m L with DEPC-treated 
water.  

    2.    Incubate the sample at 65°C for 5 min to disrupt secondary 
structures. Place the test tube on ice.  

    3.    Aliquot 50  m L of Dynal oligo(dT) beads into a fresh 1.5-mL 
RNAse-free microcentrifuge tube.  

    4.    Wash the beads twice with 50  m L of binding buffer. Place the 
microcentrifuge tube on the Dynal magnet and allow the beads 
to settle for 30 s. Once the supernatant is clear, remove it by 
pipetting with a plastic tip.  

    5.    Resuspend the beads in 25  m L of binding buffer and add the 
25  m L of total RNA from  step 2 . Rotate the tube at room 
temperature for 5 min, remove and discard the supernatant as 
described in  step 4 .  

    6.    Wash the beads twice with 50  m L of washing buffer B as de-
scribed in  step 4 .  

    7.    Prepare for second round of puri fi cation by aliquoting 25  m L 
of binding buffer to a fresh 1.5-mL RNAse-free microcentri-
fuge tube.  

    8.    Remove as much of the supernatant as possible from the beads 
of  step 6 . It is very important not to leave any supernatant in 
the test tube.  

    9.    Add 25  m L of 10 mM Tris–HCl and incubate the samples at 
80°C for 2 min to elute the mRNA. Immediately place the test 
tube in the Dynal magnet stand and transfer the supernatant 
(mRNA) to the test tube from  step 7 . Add 50  m L of washing 
buffer B to the remaining beads.  

    10.    Incubate the mRNA sample from  step 9  at 65°C for 5 min and 
place the test tube on ice.  

    11.    Resuspend the beads from  step 9  by  fi nger  fl icking the test 
tube. Place the test tube on the Dynal magnet and remove 
the supernatant. Wash the beads once with 50  m L of binding 
buffer as in  step 4  and remove the supernatant. Resuspend the 
beads in 25  m L of binding buffer.  

    12.    Add 25  m L of the RNA sample from  step 10  back into the tube 
from  step 11 . Rotate the test tube at room temperature for 
5 min and discard the supernatant.  

    13.    Wash the beads once with 50  m L of washing buffer B as in  step 
4  and remove the supernatant as in  step 8 .  

    14.    Add 12  m L of 10 mM Tris–HCl and incubate the test tube at 
80°C for 2 min to elute the mRNA. Immediately place the test 
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tube in the magnet stand and transfer the supernatant (mRNA) 
to a fresh microcentrifuge test tube.  

    15.    Quantify the mRNA with a Nanodrop spectrophotometer 
( see   Note 6 ).     

 Typically, 10  m g of total  Dictyostelium  RNA yield 100–200 ng of 
mRNA. Alternatively, one can start with 100 ng of mRNA if any 
other method of mRNA puri fi cation is used. Lower amounts of 
mRNA are also compatible with the next steps ( see   Note 7 ).  

  mRNA fragmentation relies on metal ion-based catalysis and high 
temperature. Other protocols use heat alone, but we have observed 
that  Dictyostelium  mRNA is surprisingly stable at high tempera-
tures, so we optimized the combination of chemical catalysis and 
high temperature to produce the desired fragment size of approxi-
mately 200 bases ( see   Note 8 ). We process 8 samples at one time 
for fragmentation and deal with any higher number in batches.

    1.    Start with 100 ng of puri fi ed mRNA (Subheading  3.1.2 ). 
Adjust the volume to 9  m L with water.  

    2.    Add 1  m L of 10× fragmentation buffer and incubate at 70°C 
for 5 min.  

    3.    Add 1  m L of stop buffer, mix by repeated pipetting, and place 
the test tube on ice.      

      1.    Transfer 11  m L of the fragmented mRNA solution from 
Subheading  3.1.3  into an ice-cold 1.5-mL microcentrifuge test 
tube.  

    2.    Add 1  m L of 3 M sodium acetate pH 5.2, 2  m L of glycogen 
(5  m g/ m L) and 30  m L of 100% ethanol.  

    3.    Mix by repeated pipetting and incubate at −80°C for 30 min.  
    4.    Centrifuge at 18,000 ×  g  in an Eppendorf centrifuge for 25 min 

at 4°C. A pellet should be visible.  
    5.    Discard the supernatant, wash the pellet once with 70% etha-

nol (do not disturb the pellet during the addition of 70% etha-
nol) and centrifuge for 10 min as in  step 4 .  

    6.    Discard the supernatant and air-dry the pellet for 2–3 min.  
    7.    Resuspend the pellet in 10.5  m L of water. The pellet should be 

easily soluble.      

      1.    Add 1  m L of random hexamer primers (3  m g/ m L) into the 
sample from Subheading  3.1.4 .  

    2.    Incubate at 65°C for 5 min; snap cool on ice.  
    3.    In the meantime prepare the following mix:  

    3.1.3  mRNA 
Fragmentation

    3.1.4  Precipitation 
of Fragmented mRNA

    3.1.5  First-Strand cDNA 
Synthesis
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 Reagent  Volume ( m L) per sample 

 5×  fi rst-strand buffer  4 

 100 mM DTT  2 

 10 mM dNTP mix  1 

 RNaseOUT (40 U/ m L)  0.5 

    4.    Add the mixture of  step 3  (7.5  m L) to the test tube containing 
the mRNA sample.  

    5.    Mix well and incubate at 25°C for 2 min.  
    6.    Add 1  m L of SuperScript II (200 U/ m L), mix by repeated 

pipetting.  
    7.    Incubate in a thermal cycler as follows: 10 min at 25°C, 50 min 

at 42°C, 15 min at 70°C, and then 4°C until the next step. If 
a thermal cycler without a heating bonnet is used, centrifuge 
the reaction tubes to collect any condensate before proceeding 
to the next step.      

  RNaseH is used to partially digest the template RNA. The RNA 
fragments are then used as primers to initiate the synthesis of the 
second DNA strand by DNA polymerase I. Since we deal with 
DNA from here on, the following reagents need not be DEPC 
treated.

    1.    Place the test tubes from Subheading  3.1.5  on ice and add 
61  m L of ice-cold water.  

    2.    Add 10  m L of 10× second-strand buffer and 3  m L of 10 mM 
dNTP mix.  

    3.    Incubate on ice for 5 min.  
    4.    Add 1  m L of RNaseH (2 U/ m L) and 5  m L of DNA polymerase 

I (10 U/ m L).  
    5.    Mix gently by repeated pipetting and incubate at 16°C for 

2.5 h.  
    6.    Purify the resulting double-stranded DNA either using a Qiagen 

PCR spin kit or solid-phase reversible immobilization (SPRI) as 
described below ( see  Subheading  3.3.2 ) ( see   Note 9 ).       

  In this section we describe the preparation of libraries for RNA 
sequencing using the cDNA obtained in Subheading  3.1.6  and the 
adapters designed and marketed by Illumina. This technique of 
library preparation can be considered when exceedingly high num-
bers of reads are desired for a given sample. When the library is 
prepared using the following method, a single sample library 
is sequenced per lane in an Illumina  fl ow cell. For applications such 
as differential expression and transcriptional phenotype analysis, a 
suf fi cient number of reads can result from pooling of multiplexed 

    3.1.6  Second-Strand 
Synthesis

    3.2  Single-Sample 
Library Preparation
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samples, which saves considerable time and money. Preparation of 
a multiplexed library is described in Subheading  3.3 . 
 We recommend performing all the reactions detailed below with a 
positive control DNA sample along with the cDNA sample from 
Subheading  3.1.6 . The positive control helps determine the suc-
cess of the library preparation. It can be 500 ng of a speci fi c 200–
300 bp DNA fragment from a PCR reaction dissolved in 10 mM 
Tris–HCl, pH 8.5. The positive control DNA should be generated 
with plain (unmodi fi ed) primers. 

      1.    The puri fi ed cDNA from Subheading  3.1.6  should be eluted 
in 30  m L of EB solution.  

    2.    Prepare the following reaction mix:  

 Reagent 
 Volume ( µ L) 
per sample 

 Final concentration 
in 100  µ L reaction 

 Water  27 

 5× T4 DNA ligase 
buffer 

 20  1× 

 10 mM ATP  10  1 mM 

 10 mM dNTP mix  4  0.4 mM 

 T4 DNA polymerase 
(3 U/ m L) 

 3  0.09 U/ m L 

 Klenow DNA poly-
merase (5 U/ m L) 

 1  0.05 U/ m L 

 T4 polynucleotide 
kinase (10 U/ m L) 

 5  0.5 U/ m L 

    3.    Add 70  m L of the reaction mix to 30  m L of the puri fi ed cDNA 
and mix by  fi nger  fl icking the microcentrifuge tube.  

    4.    Incubate at 20°C for 30 min.  
    5.    Purify the end-repaired DNA with a QIAquick PCR spin 

column and elute with 32  m L of EB solution.      

      1.    Prepare the following reaction mix:  

 Reagent 
 Volume ( µ L) per 
sample 

 Final concentration 
in 50  µ L reaction 

 10× Klenow 
buffer 

 5  1× 

 1 mM dATP  10  0.5 mM 

 Klenow DNA 
polymerase 
(5 U/ m L) 

 3  0.33 U/ m L 

    3.2.1  End Repair

    3.2.2  Addition of a Single 
A Base
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    2.    Add 18  m L of the reaction mix into the 32  m L of end-repaired 
DNA from Subheading  3.2.1 .  

    3.    Incubate at 37°C for 30 min.  
    4.    Purify the resulting DNA with a QIAquick MinElute column, 

and elute in 24  m L of EB solution.      

      1.    Prepare the following reaction mix ( see   Note 10 ):  

 Reagent 
 Volume ( µ L) 
per sample 

 Final concentration 
in 50  m L reaction 

 Water  10 

 5× DNA ligase buffer  10  1× 

 Adapter oligo mix  1 

 DNA ligase (1 U/ m L)  5  0.1 U/ m L 

    2.    Add 26  m L of reaction mix to the microcentrifuge tube con-
taining 24  m L of DNA from Subheading  3.2.2  and mix by 
 fi nger  fl icking.  

    3.    Incubate at room temperature for 15 min.  
    4.    Purify the adapter-ligated DNA with a QIAquick MinElute 

column and elute in 15  m L of EB solution.      

      1.    Prepare a 2% agarose gel in 1× TAE buffer such that the thick-
ness of the gel is about 0.5 cm. Include ethidium bromide in 
the gel.  

    2.    Load 15  m L of the sample from Subheading  3.2.3  next to a 
well containing 100 bp DNA ladder ( see   Note 11 ). For han-
dling multiple samples, leave at least 2 blank wells between 
samples to prevent cross contamination.  

    3.    Run the gel at 100 V until the 100 bp and 200 bp bands of the 
DNA ladder are well separated.  

    4.    Cut a gel slice at 200 bp ± 25 bp and purify the cDNA with a 
QIAquick gel extraction kit.  

    5.    Elute cDNA in 30  m L of EB.  
    6.    Dilute the positive control DNA sample in 75  m L of EB.  
    7.    Prepare a 2% agarose gel in 1× TAE buffer such that the gel 

thickness is about 0.5 cm. Include ethidium bromide in the 
gel.  

    8.    Load 30  m L of the diluted positive control DNA next to 150 ng 
of positive control DNA that has not been subjected to library 
preparation.  

    9.    Load the 100 bp ladder in a separate well, run the gel as in  step 
3 . Successful reactions should result in a 70 bp increase in the size 

  3.2.3    Adapter Ligation

    3.2.4  Gel Puri fi cation
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of the treated positive control DNA due to adapter ligation. 
Alternatively, run the positive control samples on an Agilent 
Bioanalyzer DNA 1000 chip ( see   Note 12 ).      

      1.    Set up the following PCR reaction mix and aliquot a 20  m L 
portion into a PCR tube:  

 Reagent 
 Volume ( m L) 
per sample 

 Final concentration 
in 50  m L reaction 

 Water  7 

 5× Phusion HF buffer  10  1× 

 PCR primer 1.1  1 

 PCR primer 2.1  1 

 25 mM dNTP mix  0.5  0.25 mM 

 Phusion DNA polymerase  0.5  0.02 U/ m L 

    2.    Add 30  m L of the DNA from the Subheading  3.2.4  and mix by 
repeated pipetting.  

    3.    Incubate with the following PCR program: 30 s at 98°C; 15 
cycles of 10 s at 98°C, 30 s at 65°C, and 30 s at 72°C; a  fi nal 
extension cycle of 5 min at 72°C.  

    4.    Purify the resulting DNA with a QIAquick PCR spin column 
and elute in 30  m L of EB solution.  

    5.    Prepare a 2% agarose gel containing ethidium bromide in 1× 
TAE such that the thickness of the gel is about 0.5 cm and load 
25  m L of PCR-enriched positive control DNA next to 30  m L of 
the remaining positive control DNA obtained after adapter 
ligation and 150 ng of the original positive control DNA. 
Include a well containing 100 bp DNA ladder ( see   Note 11 ).  

    6.    Run the gel at 100 V until suf fi cient resolution is obtained 
between 100 and 200 bp of the 100 bp ladder. A distinct shift in 
the positive control DNA size should be visible compared to the 
adapter-ligated positive control DNA after PCR enrichment.  

    7.    Analyze 1  m L of the PCR-enriched DNA on an Agilent 
Bioanalyzer DNA 1000 chip to assess the quality of the  fi nal 
product and to determine the DNA concentration. Successful 
preparations should yield a distinct band at ~200 bp. This material 
is processed further for cluster generation on the Illumina Cluster 
Station using the manufacturer’s recommended protocol.       

  In this section we describe a multiplexing technique in which up to 
228 samples can be pooled into one lane for sequencing. We 
adopted and standardized this method for transcriptomic sequenc-
ing from ref.  (  10  )  ,  which was originally described for pooling 

  3.2.5    PCR Enrichment

    3.3  Multiplexed 
Library Preparation
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genomic samples .  The overall strategy of library preparation is out-
lined in Fig.  1 . In this method, DNA barcodes that label unique 
samples are attached to one of the adapters. Barcoding is performed 
at the  fi nal step of indexing PCR ampli fi cation. These barcodes are 
identi fi ed in a separate short sequencing run after the sequencing 
of the actual cDNA. We have successfully performed as many as 
24-fold multiplexing. Pooling fewer than 4 libraries is not recom-
mended  (  10  ) .  

  The following reaction produces adapter mixes that are suf fi cient 
for 500 samples.

    1.    Assemble the following hybridization reactions in separate 
PCR tubes for each hybridization mix:  

    3.3.1  Preparation 
of Adapter Mix

  Fig. 1    A strategy for preparing a multiplexed sequencing library.  Lines  indicate DNA strands.  Gray  indicates the 
target DNA molecules to be sequenced and  black  indicates adapters. The adapters are ligated to the ends of 
the target DNA molecules and  fi lled in to make them blunt-ended. Indexing is performed at the last step of 
library PCR ampli fi cation. The indices are depicted as striped segments within the adapters. In the sequencing 
reaction, they are identi fi ed in a separate short sequencing run (Index read) after the initial sequencing of the 
DNA (Read 1) (Adapted from ref.  (  10  ) )       
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 Reagent  Volume ( m L) 
 Final concentration 
in 100  m L reaction 

 Hybridization mix for adapter A1 (200  m M): 

 Adapter_A1 (500  m M)  40  200  m M 

 Adapter_A3 (500  m M)  40  200  m M 

 Oligo hybridization buffer (10×)  10  1× 

 Water  10 

 Hybridization mix for adapter A2 (200  m M): 

 Adapter_A2 (500  m M)  40  200  m M 

 Adapter_ A3 (500  m M)  40  200  m M 

 Oligo hybridization buffer (10×)  10  1× 

 Water  10 

    2.    Mix the contents by repeated pipetting.  
    3.    Incubate the reactions in a thermal cycler with a heating bon-

net for 10 s at 95°C, followed by a ramp down from 95°C to 
12°C at a rate of 0.1°C/s.  

    4.    Combine both reactions to obtain a ready-to-use adapter mix 
(100  m M each adapter). Adapters can be aliquoted into 4 tubes, 
stored at −20°C, and thawed repeatedly for subsequent use.      

  Purify the cDNA from Subheading  3.1.6  using carboxyl-coated 
magnetic beads (SPRI beads) as explained below. The given ratio 
of the SPRI beads to the volume of DNA solution is ideal for 
DNA molecules above 150 bp. The size cutoff for the cleanup 
reactions can be controlled by varying the amount of beads (refer 
to the manufacturer’s protocol). A 25 bp DNA ladder may be 
used as a control to standardize the puri fi cation protocol. This 
procedure can be performed using 96-well plates or individual 
microcentrifuge tubes, depending on the application. A magnetic 
apparatus suitable for tubes, such as a DynaMag™-2 magnet, 
should be used in place of a magnetic plate if individual micro-
centrifuge tubes are used.

    1.    Resuspend the stock solution of SPRI beads by vortexing. Add 
0.05% Tween 20 to the suspension to facilitate subsequent 
pipetting.  

    2.    Add the SPRI bead suspension to the reactions as follows, 
using wide ori fi ce pipette tips.
   (a)    Add 1.8 volumes of the SPRI bead suspension to each 

cDNA sample.  

    3.3.2  Reaction Cleanup 
Using Solid-Phase 
Reversible Immobilization
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    (b)    Seal the wells with caps and vortex for several seconds. 
Ensure that the beads are uniformly suspended.  

    (c)    Let the plate stand for 5 min at room temperature.  
    (d)    Collect the liquid to the bottom of the wells by brief cen-

trifugation in a plate centrifuge at 800 ×  g . Avoid cross 
contamination while opening and closing the caps.      

    3.    Place the plate on a 96-well magnetic plate, and let it stand for 
5 min to separate the beads from the solution. Discard the 
supernatant without removing the beads.  

    4.    Leave the plate on the magnetic rack, add 150  m L of 70% etha-
nol to wash the beads, wait 1 min and then remove the 
supernatant.  

    5.    Repeat  step 4 .  
    6.    Remove residual traces of ethanol using a multichannel pipette. 

Allow the beads to air-dry for 20 min at room temperature 
without caps.  

    7.    Elute as follows:
   (a)    Add 30  m L of EBT to the wells and seal the plate with 

caps.  
   (b)    Remove the plate from the magnetic rack and resuspend 

the beads by vortexing.  
   (c)    Wait 1 min and then collect the liquid in the bottom of the 

wells by brie fl y centrifuging the plate at 800 ×  g . The beads 
may become clumpy but this appearance does not affect 
DNA recovery.  

   (d)    Place the plate back on the 96-well magnetic plate, wait 
1 min, and transfer the supernatant to a new 96-well reac-
tion plate. Carryover of small amounts of beads will not 
adversely affect subsequent reactions.          

  We recommend performing all the reactions with a positive control 
DNA sample and a negative control along with the cDNA sample 
from Subheading  3.3.2 . The positive control DNA will help deter-
mine the success of library preparation. It can be 300 ng of any 
DNA of about 200–300 bp dissolved in 10 mM Tris–HCl, pH 
8.50. If produced by PCR, the positive control DNA should be 
generated by  Taq -DNA polymerase with unmodi fi ed primers and 
puri fi ed as in Subheading  3.3.2 . The negative control is 30  m L of 
EB solution.

    1.    Prepare the following reaction master mix for the required 
number of reactions:  

    3.3.3  End Repair
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 Reagent 
 Volume ( m L) 
per sample 

 Final concentration 
in 50  m L reaction 

 Water  10.8 

 Buffer Tango (10×)  5  1× 

 dNTPs (25 mM each)  0.2  100  m M each 

 ATP (100 mM)  0.5  1 mM 

 T4 polynucleotide kinase 
(10 U/ m L) 

 2.5  0.5 U/ m L 

 T4 DNA polymerase (5 U/ m L)  1.0  0.1 U/ m L 

    2.    Add 20  m L of the reaction mix into 30  m L of each cDNA sam-
ple from Subheading  3.3.2 .  

    3.    Mix the solutions thoroughly by repeated pipetting using a 
multichannel pipette. Avoid vortexing after the addition of 
enzymes.  

    4.    Incubate at 25°C for 15 min followed by incubation at 12°C 
for 5 min.  

    5.    Clean up the reaction using SPRI beads as in Subheading  3.3.2  
and elute the end-repaired DNA in 20  m L EBT solution.      

      1.    Prepare a master mix of adapter ligation reagents for the 
required number of reactions. Pipette PEG using a wide ori fi ce 
pipette tip. Vortex the reaction mix containing all the reaction 
ingredients before adding the enzyme, to mix the viscous PEG. 
Dissolve any white precipitate in the ligase buffer by vortexing 
before adding it to the reaction mix. If the amount of template 
DNA is higher than 100 ng, increase the amount of adapter 
mix to 1  m L.  

 Reagent 
 Volume ( m L) 
per sample 

 Final concentration 
in 40  m L reaction 

 Water  10.6 

 T4 DNA ligase buffer (10×)  4  1× 

 PEG-4000 (50%)  4  5% 

 Adapter mix from Subheading  
3.3.1  (100  m M each) 

 0.4  1  m M each 

 T4 DNA ligase (5 U/ m L)  1  0.125 U/ m L 

    2.    Add 20  m L of master mix to 20  m L of end-repaired DNA from 
Subheading  3.3.3 .  

    3.    Incubate at 22°C for 30 min.  
    4.    Clean up the reaction using SPRI beads as in Subheading  3.3.2  

and elute with 20  m L of EBT solution.      

    3.3.4  Adapter Ligation
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      1.    Prepare a master mix for the required number of reaction as 
shown below.  

 Reagent 
 Volume ( m L) 
per sample 

 Final concentration 
in 40  m L reaction 

 Water  14.1 

 ThermoPol reaction 
buffer (10×) 

 4  1× 

 dNTPs (25 mM each)  0.4  250  m M each 

  Bst  polymerase, large 
fragment (8 U/ m L) 

 1.5  0.3 U/ m L 

    2.    Add 20  m L master mix to the adapter-ligated DNA from 
Subheading  3.3.4 .  

    3.    Incubate at 37°C for 20 min.  
    4.    Clean up the reaction using SPRI beads as in Subheading  3.3.2  

and elute with 20  m L of EBT solution.      

      1.    Prepare a 2% agarose gel in 1× TAE buffer such that the thickness 
of the gel is about 0.5 cm. Include ethidium bromide in the gel.  

    2.    Load 10  m L of the treated positive control DNA next to the origi-
nal positive control DNA to verify the success of the library prepa-
ration reactions. Also load the 10  m L of negative control DNA. 
Include a well containing 100 bp DNA ladder ( see   Note 11 ).  

    3.    Run the gel at 100 V until suf fi cient resolution is obtained 
between 100 and 200 bp of the 100 bp ladder. Successful 
library preparation will cause the positive control DNA size to 
shift by 67 bp ( see   Note 13 ). We recommend carrying over the 
positive control DNA through the next step of indexing PCR 
and running another 2% gel after the  fi nal step. Expect to see a 
further 36 bp shift in the DNA size after incorporation of the 
index oligonucleotides.      

  Quantify the library by measuring the DNA concentration by 
quantitative PCR. We recommend using a commercially available 
quantitative PCR kit containing SYBRE green. This step will ensure 
equal representation of samples during pooling for multiplexed 
sequencing.

    1.    Use a previously quanti fi ed indexed library, if available, as a 
positive control. Dilute this positive control sample in TE buf-
fer to yield an adequate range of concentrations in order to 
quantify samples that are at least twofold on either side of the 
probable library concentration. We recommend a range of 10 –8  
to 10 –14  g/ m L.  

    2.    If no such library is available, positive control DNA from 
Subheading  3.3.5  can be ampli fi ed using indexing PCR primers 

  3.3.5    Adapter Fill-In 
Reaction

    3.3.6  Library Quality 
Control and 
Characterization

    3.3.7  Library 
Quanti fi cation
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as in Subheading  3.3.8  and puri fi ed as in Subheading  3.3.2 . 
Determine the DNA concentration of the positive control 
using a spectrophotometer.  

    3.    Use 1  m L of the library for quanti fi cation in a 30 or 50  m L reac-
tion condition. Use 1  m L of positive control DNA at different 
dilutions as mentioned in  step 1  in a 30 or 50- m L reaction for 
producing a standard curve to quantify the samples. Amplify 
the library, the positive control, and the negative control using 
Primer P1 and one of the indexing primers. Use 60°C as the 
annealing temperature during the quantitative PCR cycle.     

 The negative control mentioned in Subheading  3.3.3 , which 
is processed along with the positive control DNA through every 
step of the library preparation, should yield at least twofold less 
DNA than the library samples. The positive control library DNA 
can be used to measure the degree of DNA carryover from previ-
ous reactions and puri fi cations.  

  Use equal amounts of DNA from each sample for the indexing PCR. 
A small portion of the sample DNA is suf fi cient since the number of 
ampli fi cation cycles can be altered to suit the amount of starting 
material. We usually perform PCR using 0.1 to a 10 ng of template 
DNA. This strategy allows saving template DNA in case the index-
ing PCR reaction fails with the current barcode and a different bar-
code has to be chosen. Run positive control DNA side by side with 
the original positive control DNA and pre-indexed positive control 
DNA to test the success of the library preparation reactions.

    1.    Prepare the master mix for a suf fi cient number of reactions:  

 Reagent 
 Volume ( m L) 
per sample 

 Final concentration 
in 50  m L reaction 

 Water  37.1−  A  

 Phusion HF buffer (5×)  10  1× 

 dNTPs (25 mM each)   0.4  200  m M each 

 Primer_P1 (10  m M)  1  200 nM 

 Phusion Hot Start High-Fidelity 
DNA Polymerase (2 U/ m L) 

 0.5  0.02 U/ m L 

 Add separately to each well 

 Indexing primer (10  m M)  1  200 nM 

 Template DNA (library)   A  

    2.    Add the master mix to each well and perform PCR with the 
following temperature pro fi le: initial denaturation at 98°C, 
30 s; denaturation at 98°C, 10 s; annealing at 60°C, 20 s; elon-
gation at 72°C, 20 s; and  fi nal extension at 72°C, 10 min. 

    3.3.8  Indexing PCR 
and Sample Pooling
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The number of cycles that would result in a plateau of the PCR 
reaction can be determined from the quantitative PCR step in 
Subheading  3.3.7 . Alternatively, adjust the cycle number 
depending on the template DNA concentration as follows: 
 ³ 100 ng: 10 cycles;  ³ 10 ng: 12 cycles,  ³ 1 ng: 15 cycles, 
 ³ 100 pg: 18 cycles.  

    3.    Clean up the reaction using SPRI beads as in Subheading  3.3.2  
and elute the indexed DNA in 40  m L of EB buffer ( see   Note 14 ).  

    4.    Remove any leftover magnetic beads before pooling of the 
samples.  

    5.    Quantify the indexed library. Performing quantitative PCR is 
the best way to quantify the indexed library, but spectrophoto-
metric quanti fi cation may suf fi ce. Pool equal quantities (100–
300 ng) of library DNA from each sample. Analyze 1  m L of the 
pooled product on an Agilent Bioanalyzer DNA 1000 chip to 
assess the quality of the  fi nal product and to quantify the DNA 
concentration. All the samples should yield similar DNA con-
centrations at the end unless there was a signi fi cant difference 
in fragment size between the samples.     

 This material is processed further for cluster generation on the 
Illumina Cluster Station using the manufacturer’s recommended pro-
tocol. Most laboratories (including ours) submit their materials to a 
core facility for Illumina sequencing. This material is ready for submis-
sion to the sequencing service for the Illumina sequencing procedure.   

  Transcriptome pro fi ling data can be used for investigating multiple 
patterns of individual gene expression as well as a molecular phe-
notyping tool  (  5,   12  ) . The vast amounts of data produced by each 
sequencing run may sometimes exceed the need, especially for 
molecular phenotyping and for the analysis of transcript abun-
dance. Multiplexing allows processing of many samples in one 
sequencing run, thus reducing the cost per sample. The assumption 
in multiplexing is that the loss of information is uniform across all 
genes, but we were not sure whether the  Dictyostelium  transcriptome, 
with its uniquely high A to T content, may behave differently. We 
tested this assumption by simulations and empirically. 

 We  fi rst analyzed the potential effect of multiplexing by simula-
tion on previously published non-multiplexed data. We then per-
formed a direct experiment with 24-fold multiplexing, which 
matched our experimental needs, using the RNA samples that were 
used to obtain the non-multiplexed data. The non-multiplexed data-
set was obtained by collecting RNA samples at 4-h intervals during 
the 24-h developmental program in two independent replicates in 
 D. discoideum , and the mRNA samples were analyzed using RNAseq 
 (  5  ) . To calculate the similarity between the transcriptional pro fi les at 
different time points, we performed hierarchical clustering on the 

    3.4  Multiplexing: 
Simulation and 
Empirical Results
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expression vectors consisting of all the genes from each time point and 
visualized the results as a dendrogram (Fig.  2 )  (  5  ) . The expression 
vectors from each of the time points were scaled to one million 
counts of all the polyA +  genes, averaged between the two replicates 
and log transformed to minimize the effects of outliers. We used 
Pearson’s correlation (PC) to calculate the distance ( D  = 1 − PC) and 
complete linkage as the clustering criterion. Two objects (individual 
time points or joints) are joined by a horizontal line if they are more 
similar to one another than to any other object in the dataset. The 
vertical distance between objects is inversely proportional to the 

  Fig. 2    Simulated and empirical multiplexing results. The dendrograms depict the distances between the tran-
scriptional pro fi les at each of the time points (hours). ( a ) Samples analyzed by RNAseq without multiplexing  (  5  ) . 
( b ) Simulated data at 24× multiplexing. Simulation was performed on the data used to generate  panel a . ( c ) 
Samples analyzed by RNAseq with 24× multiplexing. The RNA samples used to generate the data for panel a 
were multiplexed 24-fold and sequenced       
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similarity between them. The horizontal distances in the dendro-
gram are meaningless.  

 We simulated multiplexed data by assuming equal loss of infor-
mation from all samples. We performed hierarchical clustering on 
the simulated multiplexed data and observed that the structures of 
the dendrograms obtained were essentially identical to those 
obtained with the non-multiplexed data up to 512-fold multiplex-
ing. Figure  2b  shows the similarity between time points of the 
simulated multiplexed data with 24-fold multiplexing. Though 
there is no theoretical limit to multiplexing 512-fold, the protocol 
allows only up to 228-fold multiplexing. 

 For the empirical test, the mRNA samples that were previously 
analyzed without multiplexing were analyzed with 24-fold multi-
plexing. We performed hierarchical clustering on the multiplexed 
data and visualized the similarities between the different time points 
using dendrograms. We observed that the structure of the empirical 
data (Fig.  2c ) was similar to that obtained when no multiplexing was 
done (Fig.  2a ). The only exception was clustering of the 16-h sample 
with the 8–12-h clade in the original and simulated data, whereas 
the 16-h sample was clustered with the 20–24-h clade in the empiri-
cally multiplexed data. In either case, the temporal order of the time 
points was correct. These results indicate that multiplexing does not 
introduce systematic errors into the data. 

 As the sequencing technology is improving regularly, we are 
currently able to obtain more data from each one of the multi-
plexed samples than we were able to obtain from a single sample in 
the non-multiplexed method just 2 years ago  (  5  ) . In the future we 
may be able to increase the fold of multiplexing further.  

  It is nearly impossible to provide a complete protocol for analyzing 
RNAseq data because the methods vary with the research needs. 
We therefore provide a few examples of routine analyses and the 
tools we use to perform them. 

  The pipeline’s principal input is next-generation sequencing (NGS) 
reads in QSEQ or FASTQ format:  

 Line1  @1 

 Line2  GAGACCCTCTACAATTCAATGAAAAAGATTTTAGCTTTACCAGAGGATGT 

 Line3  + 

 Line4  bbbeeeeegggggiihiagcgiighhdggffhiiaefgcc ¢ ebghffhii 

where line1 is sequence identi fi er, line2 is raw nucleotide sequence, 
line3 is sequence identi fi er/description, and line4 is quality values. 
If reads are different from the reference data used by the pipeline, 

    3.5  Software Tools

    3.5.1  Input Data
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they can be complemented with the sequence of the reference 
genome in FASTA format   :  

 Line1  >Chromosome_1 

 Line2  TTTGGTACAAATGGTTTAACTTCTTCTGGCATACGAAGAGCAATTTCACC… 

 Line3  >Chromosome_2 

 Line4  GTTCAAGAAGCCAAACAACAAACCGGCGCTAATGCCACAGTTATTTATGT… 

and genome annotation (gene features with their locations in GTF 
format, e.g., the position of 3 exons, gene DDB_G0267698):

 Source  Type  Start  Stop  Strand  Gene id  Transcript id 

 dictyBase  exon  624027  624219  -  DDB_
G0267698 

 DDB0305284 

 dictyBase  exon  623830  623910  -  DDB_
G0267698 

 DDB0305284 

 dictyBase  exon  623530  623627  -  DDB_
G0267698 

 DDB0305284 

  PIPA (  http://pipa.biolab.si    , Fig.  3 ) is a web-based software tool for 
NGS data management and bioinformatics analysis. Its main task is to 
manage, map, and preprocess the data. PIPA supports data storage 
and management, experiment annotation and bioinformatics analysis 
including de-multiplexing, sequence mapping, estimation of 
transcript abundance, differential expression analysis, and quality 
control. It uses a server-based architecture, in which the data analysis 

  3.5.2    PIPA: A 
Dictyostelium RNAseq 
Data Management Pipeline

  Fig. 3    PIPA. A view of a list of experiments with raw data, mapping information, and gene expression ( back-
ground grids ) and a display of the RNAseq read distribution for a selected dataset ( center )       

 

http://www.pipa.biolab.si
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runs on the server and the results are rendered in an interactive web-
client with a graphical user interface. PIPA employs standard bioin-
formatics procedures and implementations, such as FASTQC (  http://
www.bioinformatics.bbsrc.ac.uk/projects/fastqc/    ), Bowtie  (  13  ) , 
and Bioconductor  (  14  ) . The results (mapped reads, counts, and tran-
script abundance) can be either downloaded and analyzed by a third-
party program or analyzed in dictyExpress  (  15  )  or Orange  (  16  ) , 
which can access the data directly.   

  The web-based interactive gene expression analysis program dic-
tyExpress (  http://dictyexpress.biolab.si    ) can query PIPA and ren-
der either public or proprietary gene expression data. Its analytics 
toolbox (Fig.  4 ) includes visualization of expression pro fi les, 
enrichment analysis of Gene Ontology (GO) terms, hierarchical 
clustering, search of co-expressed pro fi les, and navigation through 
gene co-expression networks.   

  Orange (  http://orange.biolab.si    , Fig.  5 ) is a general-purpose interac-
tive data analytics environment, where data  fl ow schemas can be built 
from computational units called widgets. Gene expression analysis is 
implemented through the bioinformatics add-on. The bioinformatics 
widgets implement various data analysis and visualization tasks, 
including gene selection, enrichment analysis, exploration of KEGG 
pathways (  http://www.genome.jp/kegg    ), and access to publicly 
available data such as Biomart (  www.biomart.org    ) and GO  (  17  ) . 

    3.5.3  dictyExpress: 
Web-Based Gene 
Expression Analytics

    3.5.4  Orange with a 
Bioinformatics Add-On: A 
Visual Programming Suite 
for Gene Expression Data 
Analysis

  Fig. 4    dictyExpress. Experiment selection ( top left  ), enrichment analysis ( top center  ), co-expression network 
display ( top right  ), hierarchical clustering ( bottom left  ), and display of gene expression pro fi les ( bottom right  )       

 

http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/
http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/
http://www.dictyexpress.biolab.si
http://www.orange.biolab.si
http://www.genome.jp/kegg
http://www.biomart.org
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Each Orange widget accepts input data and provides output results. 
Widgets can also interconnect with other visualization, network 
exploration, and data-mining widgets from the Orange data-mining 
toolbox to compose sophisticated data analysis schemas.    

       1.    Login to PIPA, go to the “Run PIPA” link.  
    2.    Upload raw sequence data in FASTQ/FASTA format from a 

local data  fi le or specifying a remote server address (using the 
“Upload” button in the Data pane).  

    3.    De-multiplex the data, if required (Library pane, “De-multiplex” 
button).      

      1.    Select a single experiment in the Data pane and click “Edit.”  
    2.    Choose an annotation format (e.g., Dictyostelium) and populate 

the  fi eld values (e.g., Experiment name, Time point, Species).  
    3.    If a new  fi eld is required, edit the annotation format in 

“Settings/Annotation formats.” Add the desired  fi eld (select 
its type: string, number, date) and position it in the  fi eld list.      

      1.    Select experiments and initiate mapping to the chosen refer-
ence genome. Select the desired mapping parameters and fea-
tures (e.g., iterative trimming of reads from the 3 ¢  end).  

  3.6    Data Processing

  3.6.1    Data Input and 
Management in PIPA

  3.6.2    Annotation in PIPA

  3.6.3    Data Mapping 
in PIPA

  Fig. 5    A typical Orange bioinformatics schema. Wild-type  Dictyostelium  gene expression data from PIPA are fed 
to the “Gene Selection” widget. The selected genes are analyzed for term enrichment in Gene Ontology, where 
a subset of genes is chosen and for which a KEGG pathway is displayed. The other branch of the schema 
computes and displays differences between expression pro fi les at different stages of development       
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    2.    Explore mapping statistics including the number of uniquely 
mapped reads (single-hits) ( N  UNIQUE ), the number of unmapped 
reads ( N  NOTMAPPED ), and the number of reads with multiple 
mappings ( N  MULTIPLE ). The system computes three alternative 
expression values for each gene:
    (a)    Exp RAW —the number of reads uniquely mapped to gene 

exons  
    (b)    Exp RPKM —raw gene expression scaled by exon length 

(reads per kilobase of exon model per million mapped 
reads) where:
   Exp RPKM  = 10 9  × Exp RAW /(N UNIQUE  × Exon LENGTH )  
  Exon LENGTH  = length of gene exons (nt)  
   N  UNIQUE  = total number of all uniquely mapped reads from 

the experiment, excluding the non-polyadenylated 
genes     

    (c)    Exp MAP —same as Exp RPKM , but scaled by the uniquely map-
pable part of the exons: all possible subsequences of the 
reference genome (of the same length as reads in raw data) 
are mapped back to the reference genome, and Exon MAPPABLE  
is the number of uniquely mapped sequences to the exons
   Exp MAP  = 10 9  × Exp RAW /( N  UNIQUE  × Exon MAPPABLE )         

    3.    Explore gene expression values for individual experiments, 
view read alignments together with gene features (exons, cov-
erage) in jbrowse   (http://jbrowse.org/    ) or download BAM 
 fi les (includes all mapping results).       

       1.    Create a new differential expression study by clicking on 
“Analysis/New/Differential expression.”  

    2.    Select experiments for condition A and condition B and choose 
the analysis method.  

    3.    Differentially expressed genes are shown in the results grid.      

  dictyExpress contains 7 interconnected components. Selecting a 
gene in one of the components highlights it in all the others and 
pressing the “Update” button in any component results in propa-
gation and commitment of the selected set in all the other compo-
nents. We describe three options for exploration, but there are 
many other ways to select and analyze genes or groups of genes. 

      1.    In the “Gene Expression Query” component, select an experi-
ment in the upper window (e.g.,  D. discoideum  strain AX4 
grown on  K.a. ).  

    2.    In the same component, enter the desired gene names in the 
“Gene selection” window. An interactive menu allows gene 
selection from a list.  

  3.7    Data Analysis

  3.7.1    Differential 
Expression Analysis in PIPA

  3.7.2    Expression 
Analyses in dictyExpress

     Searching 
for Genes by Name

http://www.gmod.org/wiki/GBrowse
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    3.    Press the “update” button to propagate the selection to the 
other components.  

    4.    Use the green arrow buttons to return to previous selections.      

      1.    In the “Expression Pro fi le” component, press the “Freehand” 
button.  

    2.    Place the brush cursor in the graph window and draw the 
desired pattern of expression.  

    3.    Press the “Freehand” button again and then press the “Find 
similarly expressed” button. A new window will appear with 
gene names.  

    4.    Select the desired genes (up to 30) and press update.      

      1.    In the “Prespore/Prestalk Differential Expression Analysis” 
component, select the desired comparison (the default is  D. 
discoideum  prespore cells vs. prestalk cells).  

    2.    Each spot in the volcano plot represents a gene. The  x -axis shows 
the log 2  of the ratio between the selected samples and the  y -axis 
represents the degree of con fi dence. Select a few spots of interest 
by pointing and clicking on a spot or on a group of spots.  

    3.    Select up to 30 genes from the pop-up box and press the 
“Update” button.       

      1.    Select the “Bioinformatics” tab in Orange.  
    2.    Place the PIPA widget (Fig.  6 ) on the canvas and open it by 

double clicking. The default settings access our published data. 
To access private data, provide your PIPA user name and pass-
word at the bottom left corner.   

    3.    Select the expression type (optional) and specify the type of 
data transformation. Choose “Average Replicates” to output 
gene-wise median among replicates, and “Logarithmic 
Transformation” to log-transform gene expressions (gene 
expression  x  is transformed to log 2 ( x  + 1)).  

    4.    Select experiments. You may use the “Search” window to  fi nd 
experiments that match terms such as name, species, and strain. 
After selection, click the “Commit” button to initiate data 
transfer from the server and place the data in the widget out-
put ( see   Note 15 ).  

    5.    Optionally connect the output of the PIPA widget to the input 
of a “Data Table” widget. The Data Table shows gene expres-
sion values with the experiment labels on top and gene IDs in 
the rightmost column (Fig.  6 ) ( see   Note 16 ).      

      1.    Load the expression data without replicate averaging (see above). 
Connect the expression data to the “Quality Control” widget.  

     Searching for Genes by 
Expression Pattern

     Selecting Differentially 
Expressed Genes

    3.7.3  Accessing PIPA 
Data in Orange

  3.7.4    Quality Control 
in Orange
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    2.    In “Quality Control,” select the labels shared by experiments 
in an experimental group (e.g., wild type or a speci fi c mutant) 
and a distance metric to compute the gene expression pro fi le 
distances between different replications of the experiment 
groups.  

    3.    Explore the results. The widget shows distances between one 
instance (a reference) in the experiment group and the other 
instances of the same group. For comparison, distances to all 
other experiments are visualized as well (Fig.  7 ). Double 
clicking on one of the experiments changes it to be the 
reference.   

    4.    Intuitively, replicates of the same experiment should appear 
closer to each other than to replicates outside the group. Clear 
outliers indicate irreproducible samples that can be removed 
from further analysis either by deselecting them in the PIPA 
widget or by choosing reproducible experiments in the “Select 
Attributes” widget. Such experiments should also be annotated 
accordingly in PIPA ( see  Subheading  3.6.1 ).      

       1.    Connect the expression data (e.g., from the “PIPA” widget) to 
the “Attribute Distance” widget to compute distances between 
expression pro fi les or to the “Example Distance” widget for 
distances between genes.  

    2.    Select a distance measure in the distance widget (e.g., 
“Euclidean distance,” “Spearman correlation,” “Pearson 
correlation”).  

  3.7.5    Gene Expression 
Data Analysis in Orange

     Estimation 
of Gene Expression Pro fi le 
Distances or Distances 
Between Genes

  Fig. 6    Gene expression data selection with PIPA. Data selection and downloading with the PIPA widget ( left ). 
The gene expression data for the selected experiments are shown in the Data Table widget ( right )       
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    3.    Connect the output of the distance widget to one of the wid-
gets for visualization of distances (e.g., “Distance Map,” 
“Hierarchical Clustering,” “MDS”).      

      1.    Connect the expression data (e.g., from the “PIPA” widget) to 
the “Genotype Distances” widget.  

    2.    In the “Genotype Distances” widget, select the labels shared by 
the experiments in a group with the same genotype and labels 
by which to sort experiments within groups. Select a distance 
metric. Press “Compute” to initiate distance estimation.  

    3.    Visualize the distances as in Subheading 3.7.5.1,  step 3 .      

      1.    Connect the expression data (e.g., from the “PIPA” widget) to 
the “Gene Selection” widget, which enables gene selection based 
on differential expression. Differentially expressed genes can also 
be selected with the “Volcano Plot” widget. In the “Volcano 
Plot” widget, select target labels and then select genes on the 
graph. The marked genes will appear in the widget output.  

     Estimation of Genotype-
Speci fi c Gene Expression 
Pro fi le Distances

     Gene Ontology Enrichment 
Analysis

  Fig. 7    Quality control widget in Orange. The tooltip shows the experiment labels       
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    2.    In the “Gene Selection” widget (Fig.  8 ), select the scoring 
method and the target labels. After the scores are computed, a 
histogram is shown in the widget main area.   

    3.    Choose a cutoff point, either according to the  p -value obtained 
from permutation tests or specify a number of highest-ranked 
genes. Click the “Commit” button to send the data to the 
widget output.  

    4.    Connect the “Gene Selection” to the GO Browser. In the GO 
Browser, choose the correct organism and select a GO aspect to 
analyze. If no GO terms are found, increase the  p -value or reduce 
the term size threshold (“Filter” tab). The default reference set 
for the computation of enrichment includes all the genes of the 
given organism. To use a custom reference set, connect a cus-
tomized reference set of Genes to the “Reference” input of the 
GO Browser and choose the “Reference set (input)” option.  

  Fig. 8    The Gene Selection widget in Orange. The highest-ranked 1,000 genes are selected       
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    5.    The enriched terms are displayed in a tree. You may select a 
term for further analysis. Expression data with genes from the 
selected terms will appear in the widget output. Analyze these 
genes through either “Gene Info,” “KEGG,” “Data Table,” or 
other Orange widgets.      

      1.    Connect the expression data to the “GSEA” widget. Unlike 
the GO Browser, this widget does not require a preselected 
subset of genes.  

    2.    In    the “GSEA” widget, choose experiments that belong to the 
two groups you want to compare. Select gene sets in the “Gene 
sets” tab and click “Compute.”  

    3.    A list of enriched gene sets is displayed. Choose a gene set for 
additional analysis.      

      1.    Connect the output of “Attribute Distance,” “Example 
Distance,” or “Genotype Distances” to the “Distance Map” 
widget (e.g., Fig.  5 , lower left).  

    2.    Observe the distances. Optionally sort the items and display 
the results of clustering. If an area in the distance map is 
selected, the widget outputs the respective data subset.      

      1.    Connect the output of “Attribute Distance,” “Example 
Distance,” or “Genotype Distances” to the “MDS” widget for 
multidimensional scaling  (  18  ) .  

    2.    In the “MDS” widget, run optimization (click “Optimize”). 
Adjust the view in the “Graph” tab ( see   Note 17 ).      

      1.    Connect the expression data to the “Attribute Distance” or 
“Genotype Distances” widget and select the appropriate 
settings.  

    2.    Connect the output of the “Distance” widget to the “Hierarchical 
Clustering” widget (Fig.  9 ). In “Hierarchical Clustering,” set the 
“Linkage” to “Ward’s” and the “Annotation” to “label.”          

 

     1.    It is advisable to dedicate an area of the laboratory and a set of 
pipettors to RNA work. The work area and the pipettors should 
be cleaned with RNAseZap (Ambion) or a similar product 
before each procedure.  

    2.    Plasticware should be sterilized by autoclave in glass beakers 
covered with aluminum foil and dedicated to RNA work.  

    3.    In principle, other RNA puri fi cation procedures may be used 
as well, but we have not tested their suitability for RNAseq.  

     Gene Set Enrichment 
Analysis

     Visualization 
of Distances with a 
Distance Map

     Visualization 
of Distances with 
Multidimensional Scaling

     Hierarchical Clustering 
of Experiments

    4  Notes
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    4.    The RNA is stable in TRIzol for many months under these 
conditions, and it can be shipped on dry ice if necessary.  

    5.    We have not used smaller or larger amounts of total RNA so 
we cannot comment on samples outside this range.  

    6.    The procedure can be stopped at this point and the samples 
can be stored at −80°C for several days. We have not experi-
enced problems with samples stored for as long as 7 days. Thaw 
the samples to room temperature before the next use.  

    7.    We have successfully used as little as 30 ng of mRNA for library 
preparation. If one wants to use even lower amounts mRNA 
from a precious sample, we suggest testing  fi rst by comparing 
the RNA-sequencing results of a comparably small amount of 
a less precious and more readily available sample to larger 
amounts of the same mRNA. This analysis would reveal poten-
tial skewing in the observed mRNA species abundance.  

    8.    If you wish to fragment the RNA to a different size or to exam-
ine the ef fi ciency of fragmentation, we recommend analyzing 
the samples using an Agilent Bioanalyzer DNA 1000 chip.  

    9.    One may stop at this point and store the samples at −20°C for 
2–3 days.  

    10.    The transcriptomic library requires one-tenth the amount of 
adapters required for a standard genomic DNA library.  

  Fig. 9    Hierarchical clustering of genes and their expression pro fi les in Orange       
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    11.    The DNA ladder should be loaded at 0.1  m g per mm width of 
well. We usually load 6  m L of the diluted ladder into each well 
irrespective of the well width.  

    12.    Faint bands of the positive control DNA may indicate loss of 
DNA through the reactions. In such cases, one may carry the 
positive control DNA through a PCR enrichment step and run 
the samples to determine the super shift post-PCR enrichment 
step. If you do not observe an increase in size after adapter 
ligation, replace all the enzymes and reagents and try again.  

    13.    If there is no shift in the DNA size, one of the enzymes may 
have gone bad. Replace all the enzymes and repeat the proce-
dure. If there is no band at all, make sure the SPRI beads are 
working well. Perform SPRI bead puri fi cation of a 25 bp DNA 
ladder to see the ef fi ciency of the puri fi cation. Artifact bands in 
the negative control indicate cross contamination.  

    14.    The elution is done in EB instead of EBT. In our hands, this 
gives better readings on the Nanodrop spectrophotometer. 
Elution with EB may result in some carryover of magnetic 
beads. This problem can be avoided by collecting only 38  m L 
of the EB rather than the entire 40  m L.  

    15.    Sets of experiments that are used frequently can be saved.  
    16.    If the Data Table is empty, check if the input is connected to 

the PIPA widget, and whether there were experiments selected 
and the “Commit” button clicked in the PIPA widget.  

    17.    If the optimization algorithm is stuck in a local minimum, click 
the “Jitter” button, which moves the elements slightly, and 
click “Optimize” again. The “Randomize” button facilitates a 
complete restart of the MDS optimization.          
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